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Linear and nonlinear optical properties of an autoionizing medium
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We study the linear and nonlinear optical properties of autoionizing systems under the action of a single-
laser field. It is found that the group velocity is greatly reduced by the presence of a neighboring autoionizing
state. Conditions for self-focusing or defocusing are also derived for the case of an isolated autoionizing
system.

DOI: 10.1103/PhysRevA.63.043804 PACS nuniber42.50.Gy, 42.65.An, 32.80.Dz, 42.65%

[. INTRODUCTION nonlinear medium, it might be useful, particularly in the
VUV-XUV wavelength region, since an autoionizing state

During the past several years extensive studies have be@ecessarily lies above the ionization threshold and the tran-
carried out for understandings/applications of systems exhitsition wavelength from the ground state is typically shorter
iting electromagnetically induced transparer{&T) [1-6].  than 200 nm. Furthermore, in some cases the use of the au-
The essence of the EIT is to make use of a dressing laser f§ionizing system leads to the reduction of the number of
modifying the absorptive as well as dispersive properties ofasers needefl0], which could be of great advantage be-
the medium. Most recently extreme reduction of light speedrause of the experimental simplification. Closely related to
down to 17 m/s has been observed in an ultracold atomic gd§is work, we note that the dispersive properties of an EIT
utilizing the EIT schemg5]. It should be noted that the light System have been first studied by Harris and his co-workers
speed reduction could be still significant, down to 90 m/s[3]. and the linear and nonlinear response of various bound
even with hot atomic vapor as a medium, as demonstrated b§tate systems by Scully and his co-workgts,12. Optical
Kashet al.[6]. In both experiments alkali-metal atoms have Properties of autoionizing systems have also been studied in
been employed because of the existence of the almost idef@rms of lasing without inversiofi.3,14 and efficient sum-
metastable states, i.e., hyperfine sublevels of the grouniieduency generation via absorption window between two
state. autoionizing statef7].

It is well known that a photoabsorption or photoionization ~ In this paper we study the linear and nonlinear optical
profile into the vicinity of an autoionizing state exhibits a Properties of an autoionizing medium under the action of a
minimum, and it can reach zero if the autoionizing state consinglelaser field. Especially we focus on the variation of the
sists of one discrete and one continuum states only. In corfiroup velocity at the absorption minimum for an isolated and
trast to the EIT scheme, transparency of an autoionizing double-autoionizing system. In addition, we investigate the
scheme can be realized without a dressing laser due to tHg@nditions for self-focusing/-defocusing for the case of an
intra-atomic interaction or configuration interaction. In termsisolated-autoionizing system. For a theoretical description
of the dressed-state picture, it can be understood that tHé€ employ a set of density-matrix equations. After deriving
discrete component of an autoionizing state is “dressed” bynecessary equations some representative numerical results
the continuum component via intra-atomic interaction that isa'e shown for illustration.
purely nonradiative, leading to the constructive or destruc-

tive interference, while an intermediate bound state of the Il. MODEL

EIT scheme is dressed by the third bound state via dipole _ _

interaction. Obviously nonradiative or radiative coherence A. Basic equations

plays an essential role in both cases. The system we consider consists of one bogmslially

_Knowing the similarity between these two schemes, itihe ground state|1) and two neighboring excited statk®)
might come to one’s mind that radiative coherence, which i$ind|3) embedded in a common continuyn). The discrete
necessary for various c_:oherence-related phenomena,_ mig@l‘ateﬂZ) and|3) are coupled to the continuum by configu-
be replaced by nonradiative coherence. Harris and his CQxtion interactionV and hence autoionize. Under the influ-
workers have demonstrated that the nonlinear susceptibilityce of a single-laser field tuned near resonance, the time
can be enhanced while canceling linear absorption by tuning,q|ytion of this system is described by the following set of
a laser to the absorption window between two a“to'on'Z'ngdensity—matrix equationl5, 16,
lines[7], where the underlying idea is similar to that of the
EIT scheme, as demonstrated by the same gf8lp 1= — Y1011+ 2 Im(ﬁzoﬂ)+2 |m(§30'31), Q)

Recently we have shown that an enhancement of Kerr-
type nonlinearity, which was originally proposed by Schmidt ) _ _
and Imamoty for a four-level system interacting with three- 29= —T500—21M(QF 051) =2 IM(Q3,0,3), (2)
color lasers[9], could be observed for a quasi-three-level
autoionizing system interacting with two-color lasgt§)]. If ) ~, ~,
the autoionizing system could be used as a dispersive or  033= ~1'3033=2IM(Q303) —2IM(Q303), (3
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[ 1~ ~ ~
021= |18~ 5 (y1 1) 021~ 1000111105 0,-1030,3,  real part of Eq.(8) looks similar to the expression for
- : 4) Raman-type radiative coupling. However, their origins are

. _ 1 ] ~ - ~
o31=|163— E(yl+ ['3)|031—1Q3011+1Q%033—1Q5 035, magnetic field, while in this case it is caused by the intra-
- - (5) atomic electrostatic interaction represented\byy and V5
through the continuum. Naturally this kind of term does not

) 1 _ _ exist between two bound states, or two discrete states lying
030=|1(03— 65)— §(F2+ ['3) 03— 1Q301,+1Q5 031, in the continua but not decaying to the common continuum.
(6)
wherey, is the direct ionization width of the lower state), B. Linear susceptibility
while T', andT'; are the autoionization widths of statf Once the above set of density-matrix equations has been

and|3), respectively. The detunings are definedsas (E;  solved, the induced polarizatio®, can be computed from
—E;)—fhw (j=2,3) with w being the laser frequency and the following relation,
E« (k=1,2,3) the energy of statik). Complex Rabi fre-

quencies(); (j=2,3) are defined as P,= M12021+M13031+; U101 | +C.C., (9)

- i\
o _ ~ whereo, is an off-diagonal density-matrix element fidr)
The nonradiative coupling between the two autoionizingand|c) that has already been eliminated when deriving Egs.

states through the continuum is represented by the compley)_(g) and;; is a dipole-matrix element between staligs

quantityﬁgz, which is defined as and |j). Under the weak-pumping condition, Eq4)—(6)
Y ] can be easily solved, and by substituting the solution into Eq.
~ 2cVes 1 o (9), we obtain an expression of the linear susceptibiity’
fhaz= Pf e Tho—E, 2V 73 ®  as

- i — e~
! +M%3[ SpF 5(71+F2) + 2120135032
(D)= [
D=

foh

N ). ﬁ%z[ 53+I§(7’1+F2)
o .

i i -
St 5(7’1+F2) O3+ 5(7’1+F3) —(Q3)?

whereﬁlkzﬁk/s (k=2,3), s;=s1/e, andy; =y, /e with & being the field amplitudes, the level shift of|1) due to the

coupling with|c) via V, andN the atomic density. It should be noted that the interference teum2, ) 3, appears in the
above equation. In particular, if R@G,) <Im({)3,) that is usually the case, E(LO) can be reduced to the form of

~ i ~ i -~
N ! ni) 83+ Era + s 52+§F2)_|M12/«013\/F2F3
YO=—| —|sj—i 2] - . (11
Eoﬁ 2 i F3 FZ
5253+| 527"'537
I
Alternatively, the real and imaginary parts of Ej1) can be + €3(Q3— €,)2— 20,€3(Q3+ €3)
written, in a dimensionless form, as
—203€2(0x+ 62)]] (12
N 71 1
qX EOﬁ ! 2 (6263)2+(62+ 63)2 and
X[ €x(2€3+q3)°+ €3(qp+ ze€2)? mix®) N | 71 (d2€3t Qe+ 6263)21 (13
m(xy'\*)=—-| = ,
—2€,€3(20,03+ €2+ €3) + €2(0y— €3)° €| 2 (€r€3)°+ (€x+ €3)°
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where P denotes the principal-value part of the integral. The

physically different in a sense that for the case of the Raman-
type coupling, the coupling is caused by the external electro-
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TABLE I. Linear susceptibilities and derivatives of the isolated- These general results should be compared with those for the

autoionizing system. All quantities are to be multiplied W¥eq . EIT scheme obtained by Harrét al. [3].
Na (9)(_(1) P C. Nonlinear susceptibility
do do’ In order to examine the self-focusing/-defocusing effect
, ) ) of an autoionizing medium, we now need to derive an ex-
Real part _es 27, 4pp 16u1, pression for the third-order index of refraction. For simplic-
1 g, q2l'2 ax(q3+1)I3 ity we consider the case of an isolated-autoionizing state
5 only, i.e., u13=0. Adding to Eqs(1)—(6) the repump terms
_ 1641, N, and\; from stateg2) and|c) back to the lower statl),
Imaginary part 0 0 as(ga+1)I'3 respectively, and assuming a steady state, the third-order sus-

ceptibility can be derived, after some algebra] K3

(2) : 1.2 (1)

where dimensionless detunings are defined ag 2 es@y 2 __

= 5,/(Tyf2) (k=23). Using Eqs(12 and (13, analytical 5 N | “20ietlmd oo —gnieon
expressions of the dispersion terms can be derived, but they X~ ehi3 i

are too complicated to extract any physical picture. There- 0 O+ 5(7\2+ I'3)

fore we do not dare to present them here. However, if the
upper state consists of an isolated-autoionizing state, i.e.,
m13=0, dispersion terms can be written in a compact form, vl
and their expressions at the absorption minimum located at —(si—i —)
5,=—0(,I",/2 are presented in Table I. The group velocity

5 sod|. 17
can be calculated using the following formula:

1 1 7ay® Using this equation the index of refraction can be expanded
5, ¢ N e (14  as a power series of field amplitudeas
X(3)
wherec is the speed of light in vacuum andis the wave- n(e)=ng+nyle|?+---=ng+>—lel?>+---, (18
length of the incident laser. Since the dispersigit!)/dw at 2N

the absorppon minimum 1S alyvays positive for agy, the . with ng and n, being the linear and third-order indices of
corresponding group velocity is always smaller than that in efraction defined bwiz=1+v® andn.—+3/2n-. Obvi-
vacuum. In many cases it is more convenient to rewrite the v self-focusi y].ﬁ_ X h (3);Z)XAt h o b
dispersion term in terms of the ionization cross sectionpUS!Y SE€l-Tocusing will occur when ; € absorp-
oo(E) into the smooth continuum anld, rather thanu-, tion minimum 8,= —qI',/2, the third-order susceptibility
0,, andT,, since without any resonant state neaiy(E) is ~ 9/Ven in Eq.(17) can be simplified to be

usually a slowly varying function of continuum energy

and it is experimentally/theoretically easier to obtain than _(3)_ N 2'““%2 [_4“52(2_2 428/ 1_2”
12 and g,. When the quantitiege,,, I',, and oo(E) are eoh® | (qI'5)2L A2l2 A ! Nil ]
given in atomic units, we find that they are connected by the (19
relation,

which is pure real, and its sign can be positive or negative,
2T 2r E 15 depending on the sign af, and the values of repump rates
| 112] 2Q2 200(E), (15 i 2 g
N, and \;, ands;. Therefore, whether a self-focusing or
-defocusing occurs via absorption minimum must be care-

€ ion mini i .
anddx'*/dw at the absorption minimum can be recast |ntofu”y examined case by case.

the form as

(9)((1) IIl. NUMERICAL EXAMPLES

WIZWF—Z, (16)

In this section, we present a few numerical examples for
illustration. Although we have no specific atoms in mind, we
which is independent of, onceoy andI', are given. Re- have chosen the values of parameters in a realistic way in
calling that oy does not vary so much within the energy that the orders of parameters chosen here are typical for most
range of 1 eV or so, anl, is roughly proportional to H*  of the metal elements.
for ann’l’nl autoionizing Rydberg state converging to the In Fig. 1 we show representative profiles of the real and
ionic n’l" state, Re¢xY/dw) can be larger for largem, in  imaginary parts of the linear susceptibiligf') and its de-
principle, for any elements. As for the group velocity disper-rivative 9x(*)/dw as a function of normalized detuning
sion terma?xyM/dw? in Table 1, it can be positive or nega- for an isolated autoionizing system. In this example we have
tive at the absorption minimum, depending on the siggof  chosen the asymmetry parameter tagbe 3. As pointed out
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FIG. 1. () Real and imaginary parts of the linear susceptibility joyple-autoionizing system in a bare-state picture resembles
x) for the isolated-autoionizing system as a function of normal-the E|T system in a dressed-state picture. In other words, as
ized detuninge,. (b) Real and imaginary parts afy'/dw. Nor- gy 1ained in the beginning of this paper the double-
malization is to the peak value of the imaginary partb?. autoionizing system ialready dressethy nonradiative intra-

atomic interaction without a dressing laser, by which the two
in Ref.[16], a large linear index of refraction can be obtainedautoionizing states communicate via the continuum. Math-
while canceling absorption at the absorption minimum |°'ematically this is represented @32 in Eq. (10).

cated ate;= —d,. Obviously these profiles are quite differ-  \ye now estimate the typical value of the group velocity at
ent from those of any bound-state systems. In order fofhe apsorption minimum for the double-autoionizing system.
bound-state systems to exhibit similar enhanced index of ré-qr that purpose we have considered the following situations

fraction without absorption', it was found that ini.tial coher- as we have already seen in H36), what matters is the ratio
ence or incoherent pumping is needgdl,17. Figure 2 o . /1. and in realityoy is typically in the range of 0.1
shows representative profiles of the linear susceptibility and- 0<10 (in units of Mb) for most of the neutral atoms.
its derivative for a double-autoionizing system, which is toKnowing this, it is rather realistic to assume that,
be compared with Fig. 1. In this example we have chosen the. 1(Mb) and ’the autoionization width is chosen to Bg
asymmetry parameters to hg=q;=3 and the energy sepa- _ ‘c;y°1 or 10 cm *, since autoionization width of neutral

ration b=E,—E,=3I',. For simplici@y we have a_lsc_> a5~ elements typically ranges from a fraction of 1 thto a few
sumed thaf’,=T1"5. Note that the profiles are now similar to hundred cm®. Atomic density is chosen to beN

those for the EIT scheme. This is not surprising, since this_ 10'8 cm™3. For simplicity we further assume thdts

=T, and the transition wavelengtk=100 nm. A simple
estimation shows that the collisional and Doppler widths for
metal elements are typically less than 0.25 éneven at the
density of 168 cm™ 2 and the temperature of 1200 K or so,
justifying our choice of atomic density.

In Fig. 3 we show the variation of the group velocity as a
function of energy separatidnfor different values of asym-
metry parameters, and qs;. As b—oo, the group velocity
becomes independent of the values gaf and g3, which
means that the system essentially approaches an isolated-
autoionizing system, whose group velocity is independent of
asymmetry parameter oneg andI’, are given, as we have
already seen in Eq16). On the other hand, ds—0, the
reduction of the group velocity is more prominent when
asymmetry parameters are larger.

Finally in Fig. 4 we present the dependence of the group
velocity on the ratio ofry/I", as a function of energy sepa-
ration b. Roughly speaking, the group velocity becomes one

FIG. 2. (a) Real and imaginary parts of the linear susceptibility Order of magnitude largefsmallej as the ratioo,/T", be-

%) for the double-autoionizing system as a function of normalizedcomes one order of magnitude largesmalley. A similar
detuninge,. (b) Real and imaginary parts @f*/dw. Normaliza-  tendency has been found for different values of asymmetry
tion is to the peak value of the imaginary part)dt). parametergnot shown herg

(=)
13, -

normalized x“’

[=]

normalized ax(”/am

normalized detuning €,
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10° . . asymmetry parameter for a given ionization cross section
into the smooth continuunry, and an autoionization width
10 I',. Under typical situations the reduction of the group ve-
locity is rather small and may not be larger than 100. How-
m103 ever, the reduction of the group velocity can be significant by
3 , the presence of a neighboring-autoionizing state when the
10 laser frequency is tuned to the interference minimum be-
, tween two autoionizing states. It should be noted that the
10 effect of the presence of the neighboring-autoionizing state is
b T more pronounced if the asymmetry parameters take larger
107 10 10 10 values. This is because the interference minimum of the
energy separation b (in units of I,) double-autoionizing system becomes much steeper than that

of the isolated-autoionizing system, and the steepness in-
FIG. 4. Ratio of the group velocity and light speedy, atthe  creases as the values of asymmetry parameters increase. Al-
interference minimum of the double-autoionizing system as a functhough the reduction of the group velocity for our scheme is
tion of energy separatiom for different ratios ofoo/I',=10  not as striking as that for the EIT scheme, it may be still
(dashedi 1 (solid), and 0.1(dot-dashel g,=q3=30 for all curves.  yseful, especially in the VUV-XUV regime, since there are
less experimental requirements in terms of laser bandwidths,

V. CONCLUSIONS intensities, and atomic density, etc., for experimental realiza-
tion.
In conclusion we have studied the linear and nonlinear
optical properties of autoionizing systems under the action of ACKNOWLEDGMENT

a single-laser field. When the system involves an isolated-
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